Abstract. This paper focuses on the analysis of connection between changes in hard cosmic ray flux (HCRF) and atmospheric pressure. To analyse connection between HCRF and atmospheric pressure change, the data of HCRF were obtained using a gamma spectrometer. The statistical data of measurements have been analysed. Detailed information on atmospheric pressure was presented by the Lithuanian Hydrometeorological Service. Correlation coefficients were calculated by performing a simple linear regression analysis between HCRF and atmospheric pressure in the same day. A strong inverse correlation during simultaneous measurements was determined. The correlation coefficients were defined for different seasons of the year. An empirical criterion of -20 imp/h was chosen in analysis of HCRF. Connection between HCRF decrease at 1.2-1.6 MeV energy interval and the minimum atmospheric pressure in 3-6 days at individual time intervals is defined in Vilnius. The efficiency of prognosis was 59-73% for the period 2004-2005. 
Introduction
The problem of cosmic ray space and time variations is one of the most interesting and complicated aspects of cosmic ray physics. It has been known for a long time that the intensity as well as the energy spectrum of cosmic ray is modulated by solar activity. In fact there exists an inverse correlation between cosmic ray intensity variations and solar activity. The solar activity has been shown to vary over periods of 11 and 22 years as reflected in the cyclic variation in the sunspot numbers and associated magnetic field (Usoskin and Kovaltsov 2008; Starodubtsev et al. 2004) .
However, the variations of cosmic ray intensity may be dominated on long-time scales, not by global processes, but by geomagnetic field changes, which affect the cosmic ray access to the Earth (Usoskin 2004) .
Cosmic rays form the main source of the atmospheric ionization in the troposphere and lower stratosphere, contributing significantly also to the ionization of higher atmospheric layers. When entering the Earth's atmospheric, very energetic cosmic rays initiate a nucleonicelectromagnetic-muon cascade in the atmosphere, thus forming secondary particles ionizing the ambient air, leading to essential physical and chemical changes in the atmosphere (Roldugin and Tinsley 2004) .
Since climatic changes on the Earth have become of great concern it is pertinent to explore whether the longperiod solar variations also reflect in the variations of the climatic parameters. Further, it is also important to explore whether any such climatic variations have a linkage with the geomagnetic activity (Kovaltsov and Usoskin 2007; Swensmark 1998) .
The intensity of cosmic rays at the ground level (mostly muons) varies under the impact of atmospheric conditions. Besides of these phenomena of a local character, there are global reasons of cosmic ray intensity modulations determined by geophysical cyclic processes and processes related to solar activity. Thus, muon flux variations bring information about atmospheric processes (Yashin et al. 2006) .
Cosmic rays are in fact the source of an almost uniform background of ionizing radiation which is present everywhere on the Earth. Most of their energy arrives to the ground in the form of kinetic energy of muons. Muons are very penetrating particles and do not interact very much with the air molecules. They lose a small fraction of their energy before reaching the ground. Muon flux at the ground level is strongly related with different thermodynamics processes in the Earth's atmosphere at a generation level (barometric, temperature effects) and with more complex wave processes in the upper troposphere (gravitational wave of air density), correlated with different turbulent and wave processes of a geophysical origin (powerful thunderstorms, hurricanes) (Стыро 1983, 1984; Стыро, Астраускене 1988) . Wave processes at the altitude of muon generation (10-20 km) modulate muon flux (Стыро и др. 2003; Styro et al. 2004) .
First of all, a careful study of atmospheric variations is necessary to correct the observational data for such effects in order to find variations originating outside the Earth's atmosphere. In the second place, these variations form a valued tool for investigating variations of conditions in the terrestrial atmospheric and for understanding the interaction mechanism of high-energy primary particles passing through a thick layer of air. It is obvious that atmospheric variations have periods that reflect the periods of changes of meteorological factors (seasonal, diurnal, semi-diurnal). One of the main atmospheric variations is the barometric effect. The explanation of this effect is based on the processes of decay and nuclear interaction which take place in nuclear-meson cascade. Barometric effect is determined only by one factor, the pressure at the detection level. Atmospheric pressure variations not only depend on geographical location and its local environment, but also on the frequency of cyclonic and anti-cyclonic formations of the atmospheric circulation.
A period of a high pressure is associated with more absorber above the detector and a lower detection rate results. The purpose of this investigation is to statistically determine the connection between hard cosmic ray flux variation and atmospheric pressure change.
Measurement methods
A gamma-spectrometer with a scintillation detector was used to measure hard cosmic ray flux (HCRF) (Стыро 1984; Стыро, Астраускене 1988) . The detector was placed in a lead protective chamber with 10-12 cm thick walls to absorb the mild component of cosmic radiation. Muons generate light micro flashes in the NaI(Tl) crystal of 6.3x6.3 cm 2 size. The intensity of light micro flash depends on the particle energy.
The spectrum was formed by the interaction of HCRF with the detector following Compton's scattering. The operating stability of the gamma-spectrometer was controlled by the radionuclide 137 Cs. HCRF measurements were carried out continuously and obtained results were registered every 15 min. The total of the obtained results is over 70000. The HCRF measurement method is published in papers (Стыро и др. 2003; Styro et al. 2004 Styro et al. , 2005 Styro et al. , 2007 . Detailed methods of measurements of the background of a gamma-spectrometer with a scintillation detector and assessment of results are presented in papers (Сивинцев et al. 1980; Береснев et al. 1988; Стыро, Сивинцев 1983) .
The meteorological data were obtained at a meteorological station of Vilnius city from the Hydrometeorological Service of Lithuania.
HCRF was analysed at time intervals of 8-9, 9-10, 11-12 and 12-13 hours.
It is necessary to use a number of empirical criteria to find short-term prognostic connection between variations of the considered parameters.
The processing of the experimental information was completed as follows: 1. The total number of cosmic particles was registered every 15 min. at energy interval of 1.2-1.6 MeV.
2. Correlation coefficients were calculated by performing a simple linear regression analysis between daily HCRF and atmospheric pressure. 3. Correlation between HCRF decrease and atmospheric pressure decrease was analysed during a time period of 8-13 hours in 3-6 days. 4. Criterion of HCRF decrease of -20 imp/h. was proposed. HCRF is unstable near the ground surface and depends on atmospheric pressure change, i. e. cyclonic and anti-cyclonic activity. In the case of HCRF increase, the atmospheric pressure decreases, on the contrary, when HCRF decreases the atmospheric pressure increases during the time of simultaneous measurement. The inverse correlation between the above mentioned parameters is observed. The HCRF and atmospheric pressure course was studied by Pearson's correlation coefficient ρ with confidence interval. These parameters are presented by formulas (Hill and Liwecki 2007) : The linear regression model between HCRF and atmospheric pressure in the same day was defined by a linear regression (Hill and Lewecki 2007) :
The method and formulas presented above allow evaluating connection between hard cosmic ray flux and atmospheric pressure variations.
Results
The continuous measurement data of HCRF and atmospheric pressure variations were analysed in Vilnius in [2004] [2005] . Correlation coefficients and regression equations were solved using the MAPLE software. The calculated correlation coefficients between HCRF and atmospheric pressure are presented in Table 1 . They are negative. It means that HCRF and atmospheric pressure course have an inverse relationship.
The correlation degree is different at different seasons of the year. In 2004 the highest negative correlation was found in autumn (-0.648), in spring (-0.549), in summer (-0.505). The lowest correlation was observed in winter (-0.465) (Table 1) .
However, in 2005 the strongest negative correlation was in winter (-0.780). The weakest negative correlation occurred in summer (-0,358) ( Table 1 ). The highest correlation coefficient was found in winter (-0.608) and the lowest correlation -in summer (-0.426 Fig. 1 . Here the maximum inclination of the line refers to the winter season (Fig. 1a) and minimum -to the summer time (Fig. 1c) . Almost the same inclination of regression times is observed is spring (Fig. 1b) and autumn (Fig. 1d) . It means that connection between the analysed processes depends on the season in general and has a similar activity in transitional periods of the year.
A short-term prognostic correlation between HCRF variations and atmospheric pressure variations is complicated. To solve this problem it is necessary to examine HCRF course at some time intervals using an empirical criterion. An observation time interval of 8-13 hours was chosen (Стыро 1983, 1984) . This time interval was divided into four time intervals. The data of HCRF decrease predict the atmospheric pressure decrease: in 3 days at a time interval of 8-9 hours, in 4 days at 9-10 hours, in 5 days at 11-12 hours and in 6 days at 12-13 hours. The criterion of HCRF decrease was proposed -20 imp/h.
To analyse the atmospheric pressure decrease a criterion was not used 4  7  3  3  3  6  2  3  February  7  4  5  4  5  1  3  2  March  3  4  5  7  1  3  2  5  April  4  2  3  4  3  1  3  3  May  4  6  5  2  2  5  2  1  June  4  6  6  5  2  4  4  3  July  3  8  -5  1  7  -4  August  1  1  2  3  1  1  2  3  September  -1  1  1  -1  0  0  October  3  2  2  -1  2  2  -November  6  4  5  6  4  3  3  2  December  2  6  6  4  1  3  6  3  Total  41  51  43  44  24  37  29 The first signal of HCRF decrease of -26 imp/h was registered at a time interval of 12-13 hours on January 16, 2005, when a cyclone at Newfoundland started its transfer eastward (Fig. 2) . It means that minimum atmospheric pressure in Vilnius would be on January 21-22. The next signal of -21 imp/h, registered at a time interval of 9-10 hours on January 17, confirmed the formation of minimum atmospheric pressure by this cyclone in Vilnius, too. On January 19, a signal of -17 imp/h was obtained at a time interval of 8-9 hours (Fig. 2) . All these signals predicted the minimum atmospheric pressure (979 hPa) in Vilnius after 5-6 days, i. e. on January [21] [22] 2005 (Fig. 2) .
Thus, the signals of HCRF decrease depending on their registration time define the minimum atmospheric pressure in the observation station (Vilnius) in 6-3 days after the cyclone formation in the North Atlantic.
Discussion
It is well known that connection between atmospheric dynamic processes and secondary cosmic radiation changes near the ground surface (Стыро 1983 , 1984 Styro et al. 2005 Styro et al. , 2007 . Primary cosmic ray flux is coming out from the Galaxy, interact with atmospheric gas atoms and generate nuclear reactions. Since primary cosmic particles, protons and α-particles, have an electric charge, therefore, passing through a geomagnetic field they loose their energy towards the Earth. Primary cosmic ray flux cannot reach the ground surface because protons make about 15 collisions with atmospheric gas atoms. That is why secondary cosmic ray flux is registered only near the ground surface.
It is natural that secondary cosmic ray flux variations, on the one hand, reflect geomagnetic field variations and, on the other hand, -atmospheric process changes.
In this study we investigated the relationship between HCRF change at 1.2-1.6 MeV energy interval and atmospheric pressure variations. To analyse this correlation HCRF was chosen to separate the soft part of cosmic flux because the latter can be formed by non-cosmic factors. Thus only muon flux was registered by a gamma spectrometer.
The variation of HCRF and atmospheric pressure had a strong inverse correlation during two years if measurements were carried out in the same day. Such a connection is natural. During cyclone motion over the observation station atmospheric pressure decreases and at the same time air density decreases and more cosmic particles can reach the ground surface. In the case of an anti-cyclone the situation is inverse.
However, HCRF variations at individual time intervals (Tables 3, 4) vary from average daily values. It is found that minimum atmospheric pressure prognosis in Vilnius by HCRF decrease in 3-6 days is possible at various time intervals (Стыро 1984) . Prognostic correlation between the above mentioned parameters was found at each time interval, i. e. 8-9, 9-10, 11-12, 12-13 hours in 2004 and 2005. The efficiency of prognosis was 59-73%.
Why were the negative results of 27-41% obtained in this case? To explain these facts, on the one hand, it is necessary to analyse natural effects on measuring installation and, on the other hand, atmospheric process change over the observation station.
Thunderstorm effect forms high-energy particle flux moving towards the ground surface and influencing a gamma spectrometer (Стыро 1984; Стыро, Астраускене 1988) . Solar flashes also change cosmic particles flux near the ground surface (Богданович, Стыро 1988) . Moving anti-cyclones often block the path of cyclones changing atmospheric pressure above the observation station (Стыро 1984) . Thus it is problematic to get efficiency of prognosis up to 100% using this method.
Information about minimum atmospheric pressure formation in 5-6 days in Vilnius, when a cyclone was moving from Newfoundland eastward, was registered at a time interval of 12-13 hours (-26 imp/h.) (Fig. 2) .
This result was confirmed on 17 Jan. (Fig. 2) at a time interval of 11-12 hours (-21 imp/h.), so minimum atmospheric pressure would be after 4-5 days in Vilnius. Cyclone change and transfer to the minimum atmospheric pressure (979 hPa) on 21-22 Jan. is illustrated in Fig. 2 in 5-6 days in Vilnius after the first registration of HCRF decrease.
The obtained results confirm that atmospheric pressure minimum values prognosis in Vilnius by HCRF decrease at an energy interval of 1.2-1.6 MeV at a time interval of 8-13 hours is possible in up to 6 days.
Similar data of 2002 -2003 (Styro et al. 2008 confirm the results and tendency of the present investigation.
Conclusions
1. Inverse correlation between hard cosmic ray flux (HCRF) and atmospheric pressure variations was determined during simultaneous measurements. The strongest negative correlation is in winter. 2. Prognostic connection between HCRF and atmospheric pressure decrease at 1.2-1.6 MeV energy interval was found. 3. The highest accuracy of the results was 73% at 9-10 hour interval of time in 2004. 4. The prognostic connection efficiency between hard cosmic ray flux and atmospheric pressure change was almost the same at all the time intervals in 2005. 5. HCRF decrease at various time intervals is determined by the influence of cyclones which are formed in different areas of the North Atlantic.
